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 The rapid development of organic light-emitting diodes 
(OLEDs) in recent years makes them increasingly competitive 
in fl at-panel display and solid state lighting applications. [  1–3  ]  
In particular, using phosphorescent molecules as the emitters 
allows for effi cient light emission from both excited singlet and 
triplet states, which can lead to a nearly 100% internal quantum 
effi ciency   η   int . [  4–6  ]  The external quantum effi ciency   η   ext  is related 
to   η   int  and the outcoupling effi ciency   η   out  (the fraction of light 
that is outcoupled in the forward direction) by the following 
relation:

 ηext = ηintηout   (1)    

 Hence, the greatest potential for a substantial increase in 
OLEDs’ effi ciencies is to enhance   η   out  and indeed, various 
approaches aimed at achieving this have been reported. These 
include the use of a scattering medium, microlens arrays 
( μ LAs), nanoparticles and nanostructures, photonic crystals, 
microcavities and nanocavities, modifi ed substrates, and sur-
face plasmons. [  7–9  ]  

 The basic device structure of a conventional bottom-emitting 
OLED consists of multiple organic layers situated between 
two electrodes, the anode and cathode, all deposited on a sub-
strate, typically glass. [  10  ]  An OLED requires at least one trans-
parent electrode in order to emit light. Indium tin oxide (ITO) 
is currently the dominant transparent anode; it is optically 
transparent in most of the visible range and has good elec-
trical conductivity. [  11  ]  However, it presents several key issues: 
(1) its relatively high index of refraction ( n  ITO   ∼  2.0), which is 
higher than  n  org   ∼  1.7 of the organic materials and  n gl    ∼  1.5 of 
the conventional glass substrate. These differences in  n  cause 
unwanted total internal refl ection (TIR) at the ITO/glass inter-
face, [  7  ]  (2) its deposition process is relatively ineffi cient, [  12–13  ]  (3) 
it is fragile and infl exible due to its ceramic nature, which limits 
the processing advantages of organic materials, [  14–15  ]  and (4) its 
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surface is relatively rough, which could cause contact problems 
and energy loss. [  11  ]  Thus, these issues beg for alternatives, and 
conducting polymers, [  16–19  ]  carbon nanotubes, [  20  ]  graphene, [  21  ]  
thin metal layers [  22  ]  and printable metal grids [  23  ]  are being inves-
tigated for this purpose. 

 Poly(3,4-ethylene dioxythiophene):poly(styrene sulfonate) 
(PEDOT:PSS ; n  PEDOT:PSS   ∼  1.5), [  16  ,  24  ]  which is extensively used 
as a buffer layer between ITO and the organic layers in organic 
devices, [  10  ,  25  ]  is a promising organic electrode material. This is 
due to its conductivity   σ   PEDOT:PSS  that drastically increases to  >  
1000 S cm  − 1  by depositing it from mixed solutions prepared by 
adding solvents with higher boiling points than water into the 
aqueous PEDOT:PSS solution. Suitable solvents include dime-
thyl sulfoxide, N,N-dimethylformamide, sorbitol, glycerol, and 
ethylene glycol (EG). [  11  ,  16–19  ,  25–26  ]  In particular, recent studies 
showed that the increase in   σ   PEDOT:PSS  can be achieved not only 
by mixing EG with aqueous PEDOT:PSS, but also by immersing 
PEDOT:PSS fi lms in an EG solution for a few minutes. [  18–20  ,  25  ,  27  ]  
With such highly conductive PEDOT:PSS anodes, improved 
OLEDs (relative to devices with ITO) have been reported, [  16  ,  19  ]  
and the improved performance is commonly assigned to optical 
enhancement due to the advantageous optical properties of 
PEDOT:PSS anode, which is nearly index matched to glass. 
However, to our knowledge, a careful analysis of the origin of 
this optical enhancement has not been reported. 

 In this paper, we demonstrate extremely effi cient ITO-free 
green phosphorescent OLEDs (PHOLEDs) with multilayered, 
highly conductive PEDOT:PSS anodes on a glass substrate. The 
structure of these PHOLEDs is glass/PEDOT:PSS/MoO 3 /MoO 3  
(10 wt.%):NPD/NPD/Ir(ppy) 3  (6 wt%):CBP/BPhen/LiF/Al, 
where NPD is N,N’-diphenyl-N,N’-bis(1-naphthyl-phenyl)-1,1’-
biphenyl-4,4’-diamine, CBP is 4,4’-bis(9-carbazolyl)-biphenyl, 
Ir(ppy) 3  is tris(2-phenylpyridine) iridium(III) and BPhen is 
4,7-diphenyl-1,10-phenanthroline (see Figure S1 in Supporting 
Information (SI) for device and material structures). Peak lumi-
nous effi ciency   η   L,max   =  127 Cd A  − 1 , peak power effi ciency   η   P,max  
 =  118 lm W  − 1  and peak external quantum effi ciency   η   ext,max   =  
40% are achieved without any outcoupling-enhancing struc-
tures. These values are among the highest reported for ITO-
free OLEDs and are signifi cantly higher than those of the oth-
erwise identical devices with ITO anodes fabricated on identical 
glass substrates under nominally identical conditions. Impor-
tantly, a quantitative optical simulation is described, revealing 
that the optical enhancement is due mainly to a weak micro-
cavity effect, specifi cally, the suppression of waveguide modes 
in PEDOT:PSS-anode OLEDs. 

   Figure 1   shows the transmittance  T  at 550 nm ( T  550 ) and 
sheet resistance  R  S  of the multilayered, highly conductive 
bH & Co. KGaA, Weinheim 4337wileyonlinelibrary.com
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     Figure  1 .     The transmittance  T  550  and sheet resistance R S  for ITO and 
multilayered PEDOT:PSS fi lms as a function of fi lm thickness. The 
PEDOT:PSS  R  S  values are in excellent agreement with  R  S   =   R  0  t   − 1 , yielding 
R 0   =  8170 Ω sq  − 1 . Inset:  T  550  vs R  S  .  The solid line is the best fi t of  Equation 
(2) , which yields   σ   dc   σ   opt   − 1   =  37.4.  
PEDOT:PSS fi lms fabricated by spin-coating as described in 
the Experimental Section. As seen, the EG-treated PEDOT:PSS 
fi lms exhibit  T  550  and  R  S  values from 79% to 91% and 55 to 
226 Ω sq  − 1 , respectively; the corresponding values for ITO 
fi lms are 92% and 14 Ω sq  − 1 . The average thickness of each 
PEDOT:PSS layer is  ∼ 37 nm and, as expected,  R  S  and  T  550  
decrease with increasing total thickness  t . As is well known, the 
relation between  T  and  R  S  for transparent electrodes is given 
by [  18  ,  28  ] 

 
T =

(
1 + ZO

2RS

σopt

σdc

)−2

  
(2)

     

 where  Z  0   =  377 Ω is the impedance of free space, and   σ   opt  and 
  σ   dc  are the optical and dc conductivities, respectively. By using 
 Equation (2)  to fi t  T  550  and  R  S  vs.  t  of the PEDOT:PSS fi lms, 
an excellent fi t is obtained over the whole thickness range with 
  σ   dc   σ   opt   − 1   =  37.4 (see the inset of Figure  1 ). This value is larger 
than the minimum industry standard requirement of   σ   dc   σ   op   − 1   =  
35, [  18  ,  28  ]  indicating that these PEDOT:PSS fi lms are suitable as 
transparent anodes in PHOLEDs. 

 Atomic force microscopy (AFM) images of the multilayered 
PEDOT:PSS and ITO fi lms are shown in Figure S2 of the SI. 
The root-mean-square surface roughness  R  rms  of the treated 
PEDOT:PSS fi lms with  t   ≈  36, 72, 114, and 149 nm are 2.0, 2.0, 
2.5 and 3.1 nm, respectively. As seen, there were small aggre-
gates on the surface of the treated PEDOT:PSS fi lms; they are 
believed to be PEDOT-rich domains, as described elsewhere. [  30  ]  
These  R  rms  values are signifi cantly smaller than the 4.4 nm of 
the ITO fi lms (Figure S2 (e)); the smoother PEDOT:PSS fi lms 
likely improve the contact with the adjacent HTL, which may 
present another advantage of the PEDOT:PSS fi lms over ITO 
for OLEDs. [  11  ,  19  ]  

 Prior to fabrication of the ITO-free PHOLEDs, PHOLEDs 
with an ITO anode were optimized. For this purpose, the combi-
natorial sliding-shutter technique was used. This enables fabri-
cation of a two-dimensional (2-d) array of OLED pixels, where 
8 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
the thickness of two organic layers is varied systematically 
across the array, as described elsewhere. [  29–30  ]  Following fab-
rication of two 2-d combinatorial PHOLED arrays on an ITO 
anode, the following optimized device structure was achieved: 
glass/ITO (180 nm)/MoO 3  (1 nm)/MoO 3  (10 wt%):NPD 
(22.5 nm)/NPD (22.5 nm)/Ir(ppy) 3  (6 wt%):CBP (11 nm)/BPhen 
(34 nm)/LiF (1 nm)/Al (100 nm). The corresponding peak effi -
ciencies are   η   L,max   =  78 Cd A  − 1 ,   η   P,max   =  82 lm W  − 1  and   η   ext,max  
 =  24% at a brightness  L   =  117 Cd m  − 2  and a drive voltage  V   =  
3.0 V (see Figure S3 in SI). The turn-on voltage  V  on  (i.e.,  V  at  L  
 =  1 Cd m  − 2 ), not only for the optimized PHOLEDs, but also for 
all the other 15 different PHOLEDs fabricated in the second 2-d 
array, was  ∼ 2.6 V. This value is very close to the thermodynamic 
limit (i.e., the emitted photon energy divided by the charge of 
an electron), [  31  ]   ∼  2.4 V.  V  on  is independent of the thickness of 
the Ir(ppy) 3  (6 wt%):CBP layer and BPhen layer, which may 
indicate that it is largely determined by the effi ciency of hole 
injection and transport. [  32  ]  In addition, its proximity to the 
thermodynamic limit clearly suggests that using the MoO 3  
(1 nm) HIL/MoO 3  (10 wt%):NPD/NPD HTL yields a nearly ideal 
Ohmic contact between the ITO and the HTL, minimizing the 
energy loss at the ITO/HTL interface and leading to PHOLEDs 
with better power effi ciency. [  33–37  ]  These effi ciencies of the opti-
mized ITO-anode PHOLEDs are among the highest reported 
for any ITO-anode OLEDs devoid of outcoupling enhance-
ment. [  38–39  ]  It is therefore an excellent reference for comparison 
with PEDOT:PSS-anode PHOLEDs described next. 

 The PEDOT:PSS-anode PHOLEDs with the following struc-
ture were fabricated and evaluated: glass/PEDOT:PSS ( x  nm)/
MoO 3  (1 nm)/MoO 3  (10 wt%):NPD (22.5 nm)/NPD (22.5 nm)/
Ir(ppy) 3  (6 wt%):CBP (11 nm)/BPhen (34 nm)/LiF (1 nm)/Al 
(100 nm), where  x   ≈  36, 72, 114 and 149 nm. Among these 4 dif-
ferent PEDOT:PSS-anode PHOLEDs, only the 2-layered 72 nm- 
and 3-layered 114 nm-thick PEDOT:PSS anodes yielded better 
performance than the corresponding ITO-anode PHOLEDs. 
This is clearly due to the relatively high  R  S  value (226 Ω sq  − 1 ) 
for the 1-layered 36 nm-thick and the low  T  550  value (79%) for 
the 4-layered 149 nm-thick PEDOT:PSS fi lms. The high  R  S  
limits the current injection and the low  T  550  reduces the light 
extraction effi ciency, hampering the PHOLEDs’ performance. 
Therefore, only the results for the 2-layered 72 nm- and 3-lay-
ered 114 nm-thick PEDOT:PSS-anode PHOLEDs are shown in 
 Figure    2  .  

 Figure  2 a shows the electroluminescence (EL) spectra of 
PHOLEDs with 2- and 3- layered PEDOT:PSS anodes and ITO 
anode at a current density  J   =  57 mA cm  − 2 . As seen, the spectra 
are nearly identical, peaking at  ∼ 514 nm ( E  Photon   ∼  2.4 eV), and 
clearly originating from Ir(ppy) 3 , independent of the anode. 

 The brightness  L  and current density  J  vs.  V  are shown in Fig-
ures  2 b and c. In both fi gures, the ITO-anode PHOLEDs show 
very steep  L  and  J  vs.  V  curves compared to the PEDOT:PSS-
anode PHOLEDs, which is clearly due to the signifi cantly 
higher  R  S  of the PEDOT:PSS fi lms ( R  S,2 layers   =  115 Ω sq  − 1 ,  R  S,3 

layers   =  72 Ω sq  − 1  vs.  R  ITO   =  14 Ω sq  − 1 ). Comparing the 2-layered 
to the 3-layered PEDOT:PSS-anode PHOLEDs, the 2-layered 
shows slightly higher  L , but lower  J  than the 3-layered device 
throughout the whole bias range, which is consistent with the 
higher  T  550  and  R  S  for the 2-layered PEDOT:PSS anode ( T  550,2 

layers   =  87%,  T  550,3 layers   =  82%). 
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 4337–4342
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     Figure  2 .     Comparison of device characteristics. (a) EL spectra, (b)  L  vs.  V , (c)  J  vs.  V , (d)   η   L  vs.  L , (e)   η   P  vs.  L  and (f)   η   ext  vs.  L  of ITO-anode (black 
squares), 2-layered PEDOT:PSS-anode (red circles) and 3-layered PEDOT:PSS-anode (blue triangles) PHOLEDs. Open symbols are interpolated from 
the curves in (b) and (c).  
 The work function   φ   PEDOT:PSS   ∼  5.1 - 5.2 eV is higher than 
that of ITO (  φ   ITO   ∼  4.5–4.8 eV). [  10  ,  16–19  ,  25  ,  40  ]  It was previously 
shown that  V  on  of the PEDOT:PSS-anode OLEDs is lower than 
that of ITO-anode OLEDs, [  16  ,  19  ]  as expected from the respective 
  φ  anode   values. That is, the reduced  V  on  may be due to the higher 
  φ   PEDOT:PSS  that reduces the energy barrier for hole injection 
to the adjacent HTL. [  10  ,  16  ,  19  ]  However, in this study,  V  on  of the 
PEDOT:PSS- and ITO-anode PHOLEDs are comparable, and 
those of PEDOT:PSS-anode are only  ∼ 0.2 V higher than those 
of the ITO-anode devices ( V  on,2 layers   =   V  on,3 layers   ∼  2.8 V;  V  on,ITO  
 ∼  2.6 V). As mentioned above, a nearly perfect Ohmic contact 
is formed by using MoO 3  (1 nm) HIL/MoO 3  (10 wt%):NPD/
NPD HTL. Under this condition, we believe that the difference 
 Δ   φ   between the different anodes is not the dominant factor 
determining  V  on . Rather, the conductivity of the anode material 
becomes increasingly important. As seen in Figure  2 c, at any 
given  V , the corresponding  J  for the ITO-anode PHOLEDs is at 
least one order of magnitude larger than that of PEDOT:PSS-
anode PHOLEDs. The  J  ITO  J  PEDOT:PSS   − 1  ratio increases as the 
drive  V  increases, exceeding 100 at  V   >  6.8 V. This is clearly due 
to the higher resistance of PEDOT:PSS relative to ITO. This can 
also explain the relatively low maximum brightness  L  max  of the 
PEDOT:PSS-anode PHOLEDs compared to that of ITO-anode 
PHOLEDs, simply due to the limited injected charge carriers 
that form the light-emitting excited states. 
© 2012 WILEY-VCH Verlag GAdv. Mater. 2012, 24, 4337–4342
 While the electrical characteristics of the PHOLEDs with the 
PEDOT:PSS anodes are inferior to those of the PHOLEDs with 
the ITO anodes, calculating the effi ciencies of the former points 
to the advantages of using the  multilayered  PEDOT:PSS. Figures 
 2 d–f show plots of   η  L  ,   η  P   and   η   ext  vs.  L  for the 2- and 3-layered 
PEDOT:PSS-anode and ITO-anode PHOLEDs. As clearly seen, 
the PEDOT:PSS-anode PHOLEDs show signifi cantly better 
performance than the ITO-anode PHOLEDs. For the 3-layered 
PEDOT:PSS-anode PHOLEDs,   η   L,max   =  108 Cd A  − 1 ,   η   P,max   =  
100 lm W  − 1  and   η   ext,max   =  34%. These values present a  ∼ 40% 
improvement in   η   L  and   η   ext  and a  ∼ 23% improvement in   η   P  
over those of the ITO-anode PHOLEDs. Because of the higher 
 T  550  value for the 2-layered PEDOT:PSS fi lms, the enhance-
ment in device performance is more pronounced for the 2-lay-
ered PEDOT:PSS-anode PHOLEDs. The   η   L,max  increased to 
127 Cd A  − 1  and   η   ext,max  to 40%; both are 63% higher than the 
ITO-anode PHOLEDs. The   η   P,max  is improved to 118 lm W  − 1 , 
which is 44% higher than that of the ITO-anode devices. These 
effi ciencies are among the highest reported to date for any 
ITO-free OLED. For both 2- and 3-layered PEDOT:PSS-based 
PHOLEDs, the relative improvement in   η   P  is much less than 
that in   η   L  and   η   ext , e.g., 44% vs. 63% for the 2-layered and 23% 
vs. 40% for the 3-layered, respectively. This difference indicates 
that only a fraction of the optical improvement introduced by 
the PEDOT:PSS anode is realized in   η   P . This is clearly due 
4339wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  3 .     (a) Angular emission profi les of dipoles in Ir(ppy) 3 :CBP in devices with ITO (dashed 
line) and PEDOT:PSS (solid line) anodes. The uniform angular emission profi le assumed in 
the 1/(2 n  2 ) model is also plotted as a dotted line for reference. (b) Angular emission profi les 
of the extracted light.  
to the low conductivity of the PEDOT:PSS 
anode that requires higher driving voltage. 
In addition, as seen in Figures  2 d–f, the effi -
ciency roll-off in   η   L  and   η   ext  is much less than 
that of   η   P  for PEDOT:PSS-anode PHOLEDs. 
For example, in the 2-layered PHOLEDs, 
at  ∼ 5000 Cd m  − 2   η   L  and   η   ext  are still 56% of 
the   η   L,max  and   η   ext,max , but   η   P  has dropped 
to 20% of its peak value; the corresponding 
values for ITO PHOLEDs are 54% in   η   L  and 
  η   ext , and 38% in   η   P . This demonstrates that 
the effi ciency roll-off in   η   L  and   η   ext  is compa-
rable for both 2-layered PEDOT:PSS and ITO 
PHOLEDs, but in   η   P  it is much greater for 
the 2-layered, which, again, is due to the high 
resistivity of the PEDOT:PSS anode. This also 
explains the observation that   η   L  and   η   ext  of 
2-layered PEDOT:PSS PHOLEDs is larger 
than those of ITO PHOLEDs throughout the 
whole brightness range, but   η   P  become less 
than that of ITO PHOLEDs around 3000 Cd 
m  − 2 . All of these observations suggest that 
further improving the optical and electrical 

properties of the PEDOT:PSS fi lms and increasing the value of 
  σ   dc   σ   opt   − 1  as close as possible to that of ITO ( >  300) will result 
in not only even more effi cient devices, but also a moderation 
of the effi ciency roll-off. This may conceivably be achieved by 
modifying the PEDOT:PSS anode with additives other than EG. 

 The optical enhancement obtained with the PEDOT:PSS 
anodes was simulated using a classical dipole model, [  41–46  ]  
where an exciton embedded in the active layer is modeled as a 
point dipole, the emission of which is affected by the refl ected 
electromagnetic waves inside a microcavity. According to the 
simulation, the enhanced light outcoupling in the devices with 
a PEDOT:PSS anode is attributed to the weak microcavity effect. 
We applied the Fresnel boundary conditions at all interfaces to 
each component plane wave, then solved the electromagnetic 
fi eld inside the microcavity and thus obtained the angular emis-
sion profi le of the dipoles as well. 

 In the following, two cases comparing the light outcoupling 
from ITO and PEDOT:PSS devices are described: (1) glass/ITO 
(180 nm)/organic layers (90 nm)/Al, and (2) glass/PEDOT:PSS 
(72 nm)/organic layers (90 nm)/Al. The emission profi les of the 
dipoles are plotted in  Figure    3  a as a function of the emission 
angle in Ir(ppy) 3 :CBP-based devices; a uniform angular emission 
pattern assumed in the simple 1/(2 n  2 ) model [  42  ]  is also plotted as 
a reference. The emitted light can be divided into 3 modes that 
are defi ned by the critical angles for total internal refl ection at 
the air/glass (  θ   0   =  34 ° ) and glass/organic (  θ   0   =  60 ° ) interfaces:

    (1)     external modes that are extracted out of the device (0 °   <    θ   0   <  
34 ° ),   

 (2)     substrate modes that are trapped in the glass for an ITO an-
ode or in glass  +  PEDOT:PSS for a PEDOT:PSS anode (34 °   <  
  θ   0   <  60 ° ;  n  PEDOT:PSS  is very close to  n  gl ), and   

 (3)     organic/ITO modes that are trapped in the ITO  +  organic lay-
ers for an ITO anode or only in organic layers for PEDOT:PSS 
anodes (60 °   <    θ   0   <  90 ° ).    
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
 As Figure  3 a shows, there is a strong coupling to organic/
ITO waveguided modes (at the expense of the emitted light) in 
devices with ITO anodes at   θ   0   >  70 °  (see the sharp peak that 
is out of scale). In comparison, the organic waveguided mode 
in devices with PEDOT:PSS anodes is suppressed and con-
sequently the external mode is enhanced. The reason is that 
the two devices contain different organic waveguides. In ITO 
devices, since  n  ITO   >   n  Org , the light is trapped in the organic 
 +  ITO layers, whose total thickness is 180  +  90  =  270 nm. In 
PEDOT:PSS devices, the light is only trapped in the organic 
layers, whose thickness is 90 nm. Thus, the organic waveguided 
modes are different for the two devices and the resulting cou-
pling strength to them is also different. 

 Figure  3 b shows the angular emission profi les of the outcou-
pled light, where   θ   1  is the viewing angle in the far fi eld. They 
resemble Lambertian profi les, in agreement with the observed 
profi les (see Figure S4 in the SI). The calculated relative 
enhancement of light outcoupling in the PEDOT:PSS device 
compared to the ITO one is  ∼ 56% at 514 nm, which is in good 
agreement with the experimental results. 

 We also simulated the ITO-based PHOLEDs’ emitted inten-
sity as a function of ITO thickness (see Figure S5 in the SI) 
by Fourier space solutions of Maxwell’s equations in a scat-
tering matrix (SM) formalism. [  43  ]  We found that the intensity 
of these PHOLEDs decreases continuously and substantially 
(by  > 25%) as the ITO thickness increases from 130 to 200 nm, 
which is a very interesting phenomenon that warrants further 
investigation. 

 We note that the effi ciency of the PEDOT:PSS-anode 
PHOLEDs might be further enhanced by the addition of 
structures such as microlens arrays (µLAs) on the back side 
of the glass substrate, which will extract the light trapped in 
the glass. [  7  ,  9  ]  As mentioned, the glass substrates used in the 
PEDOT:PSS- and ITO-anode PHOLEDs are identical. The 
angular emission profi le of the PEDOT:PSS-anode devices is 
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 4337–4342
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Lambertian, as is the case for the ITO-anode devices. Since 
replacing ITO with PEDOT:PSS has no effect on the glass/
air interface, we believe that embossing the recently reported 
uniform square  μ LAs [  9  ]  or the random scattering array based 
on polyethylene glycol:polystyrene blends [  8  ]  on the back side of 
PEDOT:PSS/glass, may further enhance   η   out  by up to 100%, 
strongly increasing device performance. 

 In conclusion, we have shown that ITO-free OLEDs with 
  η   P,max   =  118 lm W  − 1 , without outcoupling-enhancing struc-
tures, can be realized. This enhanced performance of the mul-
tilayered PEDOT:PSS-anode PHOLEDs is largely the result 
of the advantageous optical properties of the polymer anode, 
which is strongly supported by detailed optical simulations. 
The results elucidate the underlying relationship between 
the polymer anode and device performance and highlight the 
strong roles of material/fi lm thickness and treatment as well 
as the weak microcavity effect. They will consequently help in 
further enhancing the effi ciencies of OLEDs. With its strongly 
improved device performance we believe that the multilayered 
highly conductive PEDOT:PSS fi lms are promising for a bright 
future for ITO-free OLEDs. This is due not only to the resulting 
outstanding effi ciencies they yield, but also to their fl exibility 
and potential low cost.  

 Experimental Section 
 PEDOT:PSS (Clevios PH 1000) was purchased from H. C. Starck and 
used as the anode. MoO 3  was purchased from Sterm Chemicals; it was 
used as the hole injection material and p-dopant. NPD, the hole transport 
material, was purchased from H. W. Sands. CBP, the host material, was 
purchased from Luminescence Technology Corporation. Ir(ppy) 3 , the 
green emitting material, was purchased from American Dye Source. 
BPhen was purchased from Sigma-Aldrich and used as the electron-
transport and hole-blocking material. All materials were used as received. 

  Preparation and Characterization of PEDOT:PSS Films : PEDOT:PSS 
solutions were mixed with 6 vol.% EG. The resulting solutions were 
fi ltered with 0.45  μ m syringe fi lters and spin-coated on precleaned and 
UV ozone treated glass substrates, which are identical to the glass 
substrates used for devices with an ITO anode. Single-layer PEDOT:PSS 
fi lms were fabricated by spin coating at 3000 rpm for 30 s and annealing 
at 120  ° C for 15 min. Immediately after annealing, they were immersed 
and cooled in an EG bath for 30 min, then spun at 3000 rpm for another 
30 s to remove the EG solution. Next, the samples were annealed at 
120  ° C for another 15 min. For multilayer coatings of PEDOT:PSS, the 
next PEDOT:PSS layer was prepared in the same way described above 
on the existing PEDOT:PSS layer(s). After the PEDOT:PSS deposition 
was completed, the fi lms were fi rst baked at 120  ° C for 1 h, then 
transferred into an Ar-fi lled glovebox ( <  10 ppm O 2 ) and baked at 
120  ° C for another 1 h to remove residual water. We note that the EG 
and heating result in layers that remain intact following subsequent 
spin-coating of PEDOT:PSS layers, and the multilayered structure was 
essential for reduced sheet resistance, despite its reduced transparency. 
ITO substrates (Colorado Concept Coatings) with a sheet resistance of 
14 Ω sq  − 1  and a transmittance of 92% were used for reference diodes. 

 Sheet resistances were measured using a four point probe setup 
with a source measurement unit (Keithley 200 and Fluke 8842A). The 
thickness of the PEDOT:PSS fi lms was determined by scanning electron 
microscope images (Field Emission AmRay 1845) and the thickness of 
the ITO was determined by Ambios XP-100 profi lometer. Transmittance 
was obtained using a spectrophotometer (Ocean Optics CHEM2000); 
the values given are at 550 nm and include the absorption by the 
glass substrate ( ∼  5%). The morphology of the fi lms was obtained by 
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AFM (model MM AFM-2 from Digital Instruments, employing tapping 
mode). 

  Fabrication and Characterization of OLEDs : All OLEDs were fabricated 
on the glass/PEDOT:PSS or the glass/ITO substrates in a thermal 
evaporation chamber within a glovebox with a base pressure of  ∼ 2  ×  
10  − 6  mbar. The cleaned ITO substrates were dried by blowing nitrogen 
and then treated in a UV ozone oven to increase the work function of 
the ITO and hence facilitate hole injection, as described elsewhere. [  47  ]  
The two-dimensional OLED arrays were fabricated with a sliding shutter 
technique. MoO 3 , NPD, CBP, Ir(ppy) 3 , BPhen, LiF, and Al layers were 
deposited sequentially; the Al cathode was deposited through a shadow 
mask containing 1.5 mm diameter circular holes. Bias voltages across 
the OLEDs were supplied by a Kepco DPS 40-2M programmable 
power supply and the current was measured using a Keithley 2000 
multimeter. As the voltage of the power supply could only be varied in 
0.2 V increments, a few of the data points at low brightness shown in 
Figures  3 (d)– 3 (f) were obtained by interpolating the values of  J  and  L  
from the curves shown in Figure  3 b and c. The OLEDs’ brightness was 
measured using a Minolta LS110 luminance meter and the EL spectra 
were obtained using an Ocean Optics CHEM2000 spectrometer. The 
raw spectra were obtained in the “SCOPE” mode, but were corrected to 
the radiometrically calibrated mode; the spectra shown are the corrected 
spectra. The external quantum effi ciency   η   ext  was calculated by using a 
method previously described. [  48  ]    
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